According to computational fluid dynamics, heat transfer theory, and chemical reaction kinetics theory, the models of single-pellet biomass combustion were established, flow, heat transfer and mass transfer of single-particle biomass fuel during combustion were analog calculated, and they showed about 2 min, a 2 cm biomass pellet fuel completely burnt out , the highest temperature is 1280 k, the release of gases such as H2O, CO2 and CO. The bed combustion model of biomass chain furnace was built based on the single particle fuel combustion model means the bed combustion process of biomass particles is in good agreement with the actual combustion process. This study provides a theoretical basis for the whole biomass briquette boiler system design and performance optimization and improvement.
INTRODUCTION
Research on biomass energy has been progressing rapidly and brought about great achievements in direct combustion, pyrolysis, gasification, liquefaction and fermentation techniques [1, 2] . The densely-molded biomass direct burning and use technology has attracted extensive attention [3] and has also been studied in China [4, 5] . However, the majority of relevant studies in China are still at the exploratory stage and ignore the development of corresponding combustion equipment. So far, the operation of the existing biomass pellet combustion equipment and combustion technology is restricted by several problems:
(1) combustion instability, low combustion efficiency, presence of abundant particulate matter and CO in gases [6, 7] ; (2) high exhaust temperature, severe heat loss; (3) high dust content in smoke, risk of environmental pollution; (4) large excessive air coefficient, high power consumption by air blower; (5) low combustion effect and heavy agglomeration and slagging [8, 9] . These problems have not been solved mainly due to the inadequate understanding about the theories of biomass combustion and the combustion process. Thus, correctly understanding the theories and process of biomass pellet combustion will significantly guide the research on direct combustion techniques and the development and improvement of combustion equipment [10, 11] .
CHARACTERISTICS OF BIOMASS PELLET COMBUSTION
Two types of spherical biomass pellets (diameter = 2 cm) which were produced by crushing, mixing and compressing straws and sawdust, respectively in a company in Kunming, China were selected. The biomass pellets were characterized by small volumes, large weights, fire resistance, and convenience for storage and transport. Specifically, their volumes are only 1/30 that of the original materials, the density is 1.1-1.4 t/m 3 [12] , and heat value is 17162±419 kJ/kg. Proximate analysis and ultimate analysis of the biomass pellets were tested on a 5E-MAC III infrared rapid coal quality analyzer (Table 1) . Note: ad is based on air drying; M is water; V is the volatile; A is ash; FC is fixed carbon
Effects of volatiles, water and ashes on combustion characteristics
The volatiles and heat value of biomass pellets largely affect the ignition and combustion. The initial temperature of volatile release from high-heat-value biomass is also very high [13, 14] . Under the heat action, the water inside the biomass pellets is evaporated from the surfaces, while the volatile combustible gases are decomposed and released. When the volatiles on pellet surfaces reach a certain concentration and approach the appropriate gas, the pellets will be burnt at a certain temperature. If the water content is larger, the amount of combustible matter resulting from the biomass pellets as well as the heat value decreases. A higher water content further complicates the combustion and decelerates the burning rate. Ash is a harmful component that reduces the calorific value of biomass and easily causes incomplete combustion, and the accumulation of ash, residues and corrosion further complicates the equipment maintenance and operation. The sawdust contained very high volatile content, low water content less than 10%, and low ash content, which accounted for the high heat value, easy ignition and combustion stability (Table 1 ). In comparison, the straws containing low heat value were featured by difficult ignition and unstable combustion [15] . Thus, higher volatile content and lower water and ash contents of biomass pellets resulted in the higher heat value, easier ignition and more stable combustion.
Effects of ignition index and combustion characteristic index on ignition
The ignition index FZ is defined under the hypothesis of heterogeneous coke ignition [16] :
where, Vad, Mad and FCad are the volatile content, moisture content and fixed carbon all of air dried basis, respectively. A larger FZ indicates a better ignition performance. ZM is the combustion characteristic index defined as follows [17] :
A larger ZM indicates a better combustion performance. The FZ and ZM of straw or sawdust pellets were calculated (Table 2) . Clearly, the straws were harder to ignite and had higher ignition temperature and lower combustion performance compared with the sawdust (Table 2) . The FZ and ZM emphasize the positive influence of volatile matter and water analysis on the combustion process of biomass pellets, but the difference is that the fixed carbon content affects the combustion process. FM indicates that voids are formed in carbon after the precipitation of volatile matter and internal moisture. The larger (Vad+Mad) means the larger specific surface area and the stronger activity of carbon. The effect of the internal moisture and volatile matter precipitation on the ignition is the same as that of carbon, and the effect of (Vad+Mad) on ignition is more significant than that of Cad. According to ZM, the fixed carbon content negatively influences the ignition temperature. The main influence factors on the ignition of biomass pellets are inner surface area and inner pore morphology. Although the internal moisture is not combustible, the internal moisture release forms voids inside the biomass pellets, which is conducive to the release of volatiles and ignition. The ZM is closer to the reality due to the high volatile content and low fixed carbon content in the biomass.
Thermogravimetric (TG) analysis of combustion
TG analysis of straw and sawdust pellets was conducted on an STA449F3 TG analyzer (Netzsch, Germany). TG, derivative thermogravimetric (DTG) and differential scanning calorimetry (DSC) curves were determined from the TG experiments of straw and sawdust. The reaction gas was air at flow rate 50 mL· min -1 , and the protection gas was argon gas. The heating rate was 10 º C· min -1 to the target of 900 º C, and the dosage of samples was 10 mg. Figure 1 shows the TG curve of straw. During the burning process of straw, two distinct peaks appeared in the DTG curve. The maximum weight loss peak appeared at 220 -320 °C, mainly due to the large amount of volatile matter being precipitated and burned. The second, relatively flat peak appeared at 410-500 °C, mainly for the combustion of carbon. The first exothermic peak appeared at 320-380 °C in the DSC curve, mainly due to the large amount of heat generated by the volatiles. An endothermic peak appears at 380-450 °C because the conversion of lignin into biomass carbon is an endothermic process, and the heat released by the volatile combustion has not yet reached the heat demand for the conversion of lignin into biomass carbon and combustion. A second exothermic peak appears at 450-500 °C because of the carbon combustion exotherm. The DSC curve changes exactly coincide with the TG curve and the DTG curve. Figure 2 shows the TG curve of wood chips. The first weight loss peak appeared at 210-340 °C, which was volatile release and burning. The second peak appears at 380-410°C for a violent burning of carbon. The DSC curve of sawdust is roughly the same as that of straw, there are two exothermic peaks and one endothermic peak, but the peak is relatively flat, which is caused by the high volatile and fixed carbon content in wood chips.
The changing trends of weight loss and weight loss rate along with temperature were consistent between the two types of pellets (Figure 1, 2) . The whole combustion process can be divided into four stages: drying stage, volatile separation & combustion stage [18] , fixed carbon combustion stage, and ash formation stage [19] .
It is in the drying stage before the first DTG weight loss peak appeared, the temperature of the TG curve was relatively flat due to the low temperature, the water is evaporating in the fuel. In the DTG curve, the first weight loss peak interval is the volatile release and combustion stage, which is mainly the combustion reaction and most combustibles consumption. The weight loss rate at this stage was about 50%. DTG curves showed the weight loss increased rapidly and maximized, indicating a large amount of volatiles was separated out, ignited and burnt. In the second weight loss peak is a fixed carbon combustion stage. The TG curve declines more gently in this stage. Above 800C, the curve is the ash formation stage, the combustibles were basically burnt out, and the resulting ash shells gradually accumulated and thickened, forming integral ash balls, which accounted for 3% -15% of total weight. The ash proportions were consistent with the proximate analysis.
However, these four stages mutually intersected without obvious boundaries. DTG curves showed two evident weight loss peaks, which corresponded to volatile combustion and fixed carbon combustion, respectively. Since the peak of DTG curves represented the maximum combustion rate, the pellets showing a more evident weight loss peak at the volatile stage were more ignitable and combustible.
NUMERICAL SIMULATION OF BIOMASS PELLET COMBUSTION

Mathematical modeling
The TG results showed the biomass pellets were first heated in a high-temperature condition, and then water was separated out at the balanced temperature. With further temperature rise, the subsequent processes were volatile separation & combustion, coke combustion, and ash residue formation [20, 21] . Then the flows, heat transfer, mass transfer, and pellet structural changes in the above four stages were analyzed. On this basis, a 2D general model underlying single-pellet biomass pellet combustion was built by using the theories of computational fluid dynamics, heat transfer and chemical reaction kinetics.
Before the modeling, three hypotheses were made: (1) the biomass pellets were equal-diameter spheres throughout the combustion; (2) the heat exchange between pellets and the gas phase was heat convection; (3) water, volatiles, coke and ashes were all uniformly distributed inside the pellets.
Basic equations
The transfer processes of biomass pellet combustion should meet the continuous, momentum, energy and component transfer control equations. The basic conservation equations are as follows [22, 23] :
where, ρ is the flow density; t is time; xj is the j-dimensional coordinate; ug,j is the velocity vector. Momentum equation:
where, τji is the surface component of fluid force at the i-the direction, or namely the generalized Newton viscous stress; fi is the fluid volume force at the i-the direction. Energy equation:
where, H is the total heat enthalpy of the fluid; ui is velocity vector at the i-the direction; Γh is the heat transfer coefficient; ρ is the fluid pressure; Sh is the heat source and radiation heat transfer inside the fluid.
Component transfer equation:
where, Γi is the mass transfer coefficient of component i, Yi is the mass fraction of component i, Ri is the generation rate or consumption rate of component i, Si is the item of sources, including the production rate of component i introduced by the disperse item.
Solid-phase and gas-phase physiochemical models
The physiochemical processes of biomass pellet combustion mainly include water evaporation, volatile separation & combustion, and coke combustion. These three stages are not obviously isolated and usually appear in the order of water evaporation, volatile separation & combustion, and coke combustion & gasification.
(1) Water evaporation After the biomass pellets were heated, the water was first separated out. The water evaporation rate can be expressed as [24] :
/ 100
When the surface layer temperature of the biomass is <100C, the water is not fully separated and is controlled by the mass transfer [25] :
where, Cw,s and Cw,g are the vapor densities in the solid-phase surface layer and the gas phase, respectively; Thereby, we have Dm=DH2OSh/d, where DH2O is the diffusion coefficient of vapor.
When the surface temperature of biomass pellets is ≥100 ℃, the pellets directly absorbed heat, so the water is separated out, and the water evaporation rate is decided by the heat transfer speed:
where, Q is the heat absorption of pellets; Q =Sa(h(Tg-Ts)+b(T 4 env -T 4 s )); Hevp is the latent heat of water evaporation. (2) Volatile separation and combustion When the temperature of pellets reached a certain level, the volatiles are separated out and burnt, which result in coke and ashes. The volatile separation rate is calculated by a firstorder model and is assumed to be proportional to the residual volatile content:
where, k is the speed coefficient, Ts is the pellet temperature;
Yvol is the instant mass fraction of volatiles. The volatile separation and combustion rate are [26, 27] : (1 ) 150 0.35 min ,
where, Dg is the diffusion coefficient of volatile gas; ε is the pellet porosity; C is the matter concentration; Ω is the reaction equivalent coefficient; the subscripts fuel and ox represent the pellet fuels and the oxidizer, respectively. Like the EBU-Arrhenius model [28] , the minimum value between Arrhennius speed and the gas mixing rate is the homogeneous combustion rate of volatiles:
where, Rlam is the laminar flow reaction rate, or namely the speed determined from the Arrhenius equation:
where, Cj is the concentration of material j, and ηj is the concentration index. β is the temperature index, A is the preexponential factor, E is the activation energy, k is the reaction rate constant or namely exp (3) Coke combustion After the volatiles are burnt out, the temperature further rose, and then the coke combustion started. The oxidation of coke and oxygen is:
The reaction process is: oxygen passed through the gas film on surface of the pellets and the ash shell on surfaces of the carbon core, and reacted with the inner carbon core at high temperature. It is indicated the reaction temperature, gas film resistance and the ash layer diffusion resistance will affect the whole reaction process and also decide the combustion reaction rate.
Coke combustion rate is: 
where, Sc and Re are the Schmidt number and Reynolds number of pellet diameter, respectively. However, the Sherwood number of multiple pellets on the bed should be modified to Sh=fShs, and the correction coefficient f is f=1+1.5(1-ε). (20) ρs is solid density, -Ss is Loss of solid phase mass during combustion of biomass briquette, us,j is solid phase apparent velocity in direction Solid phase composition equation:
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-Ms,i is mass of gas solid heterogeneous reaction into gas phase component I, Ds,eff is mass diffusion coefficient, Ys,i is mass fraction of moisture, volatiles and coke.
Solid energy equation: (22) where the first item on the right side is the solid-phase heat conduction quantity; the second item is the gas-solid convective heat transfer quantity; the third item is the solidphase heat quantity from the gas-solid heterogeneous reaction and gas homogeneous reaction; ̅ p,s is the average solid specific heat, λs,eff is the efficient thermal conductivity of solids.
Gas phase composition equation:
, , , ,
Yg,j is mass fraction of gas component j, include CH4, CO2, CO, H2O, O2, H2 and so on, Ms,j and Mg,j is the mass of component H produced by gas homogeneous reaction and gas solid heterogeneous reaction respectively, Dg,eff is effective diffusion coefficient, Dg,eff=Dg+0.5d|Ug|, Dg is Gas molecular diffusivity.
Gas phase continuity equation:
ρg is Gas density, Sg means the gas mass from biomass briquette combustion, uj is velocity in direction.
Momentum equation of the gas phase: (26) where, λs,eff is the efficient thermal conductivity; the first item on the right side is the gas-phase heat conduction quantity; the second item is the gas-solid convective heat transfer quantity; the third item is the solid-phase heat quantity from the gas-solid heterogeneous reaction and gas homogeneous reaction.
Combustion process simulation
Then the combustion process of single-pellet biomass was simulated on FLUENT. The spherical sawdust pellets used here were in size of 2 cm, density of 919 kg/m 3 , lower heating value of 18064 kJ/kg, water content of 7%. In brief, the pellets were put into a reactor, and then were mixed and burnt with the air blown in from the bottom. Then the flow, heat transfer and mass transfer of pellet combustion were simulated. The boundary conditions during the computation were set as follows: (1) the bottom of the reactor was the air velocity inlet boundary, and the air temperature, speed and composition were preset; (2) the left and right walls of the reactor were slipless and insulated boundaries; (3) the top boundaries of the reactor were the pressure outlet, where the relative pressure was 0 Pa.
Figure 3. Comparison of simulated and experimental TG curves
The combustion of single-pellet spherical biomass fuel was simulated. The TG curves from computation and experiments were compared in Figure 3 . The experimental curves and the computation were very consistent. The TG combustion curve showed a deviation of ~ 5% between the experimental data and the simulation results.
The simulation of single-pellet biomass combustion showed the combustion lasted 2 min, reaching the highest temperature of 1280 K, and the released gases included H2O, CO2 and CO. After the biomass pellets contacted and mixed with the high-temperature air, the free water in the pellets was rapidly evaporated, as shown at t=20 s in Figure 4 . When the pellet temperature further rose at t=40 s, abundant H2O and CO2 were formed. The main reason was that the volatile combustible gas-state substances were largely separated out from the surface of the biomass pellets, and the volatiles contacted with oxygen for exothermic chemical reaction. At t=60 s, a small amount of volatiles on the surfaces of singlepellet biomass were burnt, and more importantly, the combustion penetrated to the deeper part of the pellets. At t=80 s, the coke was diffused and combusted to form CO2, CO and other gases that diffused outwards. During the combustion, CO continually combined with O2 to form CO2. Thus, during this process, the pellet temperature further rose, and the resulting gases were mainly H2O, CO2 and CO. However, compared with the above process, the mass fraction of H2O decreased slightly, while the mass fractions of CO2 and CO increased. At t=100 s, the combustion penetrated deeper, and the main reaction in the intralayer was carbon combustion, where the pellet temperature was maximized, and the main gas products were CO2 and CO. At t=120 s, the combustibles were basically burnt out, without forming gases, and the pellet temperatures gradually dropped. During this process, the pellets were burnt into ash spheres. Figure 5 shows the average temperature changes of pellets. Clearly, when the single-pellet biomass was ignited at t=0 s, the temperature gradually rose until t = 100 s, and then declined. The whole process consisted of water evaporation, volatile separation & combustion, and coke combustion. The temperatures gradually rose during these three stages. At first, the high-temperature gases transferred heat to the pellets, the water was evaporated endothermically, and temperature rise was very slow. However, as the volatiles were separated out and burnt exothermically, the pellet temperature rose quickly. Finally, abundant heat was released from coke combustion, as the pellet temperature rose further until the coke was burnt out. After that, air was blown in top-to-bottom, which cooled down the pellets.
Figure 6. Pellet concentrations changes with time
The temporal change of surface gas composition during the whole combustion process was shown in Figure 6 .
Clearly, the pellets were initially at the heated drying stage, when the H2O content on pellet surfaces gradually increased, while the O2 concentration was basically unchanged and its mass fraction was 23%. After a short time period, the volatiles were continually separated out and ignited. In the gases, the concentrations of CO2 and H2O quickly increased, but that of O2 decreased. After that, coke combustion reaction started, the CO concentration in the product gases gradually rose, while the CO2 concentration first increased and then decreased, and the H2O concentration gradually declined until disappearance. At this moment, the volatiles and coke were gradually burnt out, and the O2 concentration increased slowly. Moreover, the whole combustion process was dominated by volatile separation and carbon residue combustion. The main reason was that the biomass pellets contained as high as 65% -75% of volatiles, and the volatile release rate and burning rate from the high-pressure biomass pellets were very slow. The coke burning rate in the biomass pellets was also very slow, and the CO and CO2 generation rates were also very slow. Figure 7 of temperature nephogram shows the material layer temperature distributions at the surfaces of x-and yaxis center throughout the chain-boiler combustion. At first, the high-temperature zone at the upper part of the material layer was very thin, and the temperatures were lower than the combustion zone interior. After volatile combustion, the high temperature zone accounted for 3/4 of thickness of total fuel material layer, and the temperatures on the material layer and in the gas both gradually declined from top to down. At the end of fixed carbon combustion, the high temperature zone accounted for 1/2, and the temperatures on the material layer gradually declined from top to down. During Ash formation, the high temperature region in the upper part of the material layer gradually thinned, and the material layer temperatures slowly declined. Figure 8 . Contents of gas components versus grate length Figure 8 shows the variation of gas concentrations of major components on the material layer combustion surface with the grate length. The newly-added biomass briquettes, upon entering the furnace, were immediately radiated by the high-temperature smoke (flames) and the walls in the furnace, so the water on the material layer surface and from the bottom fuels evaporated first and the surface water content on the material layer surface was very high, and the oxygen concentration was basically unchanged. The moisture during evaporation absormaterial layer the heat from the fuel material layer and the gases. Consequently, the upward heat transfer was decelerated, the water in the upper layer of the fuel material layer was evaporated at slower rate, and the surface water content on the material layer declined rapidly. As the fuel material layer temperature gradually rose, the volatiles were continually separated out and burnt, and the biomass briquette started to be ignited and combusted. Accordingly, coke started to react, and the CO2 and H2O concentrations on fuel material layer surface gradually increased, while the oxygen concentration declined to very low level. Accordingly, the first maximum CO2 and H2O concentrations appeared. At this moment, the surface fuel particles were under high temperature and sufficient O2, and the coke combustion generated certain amounts of CO2 and CO. After that, as the reduction zone appeared and thickened in the major combustion segment, the CO and CH4 concentrations gradually increased, while the CO2 concentration declined, indicating the occurrence of very severe oxygen deficiency. When the CO and CH4 concentrations maximized, the reduction zone became thinner, and the material layer surface CO and CH4 concentrations gradually declined. After the reduction zone disappeared, oxidation reaction yet occurred on the fuel material layer, and the second maximum CO2 and H2O concentrations appeared. After that, the coke layer thickness decreased and the O2 demand declined. Thus, the O2 concentration in the material layer surface gases gradually increased and finally reached the mass fraction of 23%.
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CONCLUSIONS
A two-dimensional computational model of single-pellet and multi-particle spherical biomass combustion was established, and the combustion process of single-pellet and multi-particle biomass fuel was simulated under the preset boundary conditions. On this basis, the processes of water evaporation, volatilization, combustion and coke combustion were studied. The TG combustion curve showed a deviation of ~ 5% between the experimental data and the simulation results. The simulation results are well consistent with the trend of TG curve. At the same time, the accuracy of the model is verified. In addition, the model is also applicable to the calculation of single-pellet spherical fuels such as coal. However, the model accuracy, computational efficiency and the specific reaction mechanism of biomass combustion still need to be further improved.
The flow, heat transfer and mass transfer of single-pellet biomass combustion were simulated. It was found the biomass pellet computation in size of 2 cm took about 2 min in the whole combustion, and the highest temperature during the combustion was 1280 K, and the released gases included H2O, CO2 and CO. The stages of biomass pellet combustion were water evaporation, volatile separation & combustion (producing abundant H2O, CO2), and coke combustion (producing mainly CO2 and CO, but minor H2O). During the whole process, the pellet temperature gradually rose until the combustibles were basically burnt out, and then the pellet temperature declined slowly.
Based on the combustion model of single-particle biomass molding fuel, a bed combustion model of biomass-formed fuel heat-conducting oil chain furnace was constructed, and the flow, heat transfer and mass transfer process between gas phase and solid phase during bed combustion were simulated. The results showed that the bed combustion process of biomass particles is in good agreement with the actual combustion process, which verifies the accuracy of the mathematical model of bed combustion.
